Abstract. The current status of the ongoing establishment of a verification system for the Comprehensive Nuclear-TestBan Treaty using radioxenon detection is discussed. As an example of equipment used in this application the newly developed fully automatic noble gas sampling and detection system SAUNA is described, and data collected with this system are discussed. It is concluded that the most important remaining scientific challenges in the field concern event categorization and meteorological backtracking.
THE CTBT VERIFICATION SYSTEM
The Comprehensive Nuclear-Test-Ban Treaty (CTBT) prohibits all nuclear weapon test explosions. It was opened for signature in 1996 and has now been signed by 172 states, of which 116 have also ratified the treaty. Up to now 32 out of the 44 states that are required to ratify the treaty before going into effect have done so [1] .
In order to verify the compliance with the CTBT an extensive verification regime is being deployed. The task to build up this system is connected to several scientific challenges. The system must be able to detect a nuclear explosion in any thinkable scenario: underground, underwater, or atmospheric. It must be able to detect low yields as well as to detect welldisguised nuclear tests. One example of the latter scenario is decoupling, in which the explosion is conducted in, e.g., a large cavity to reduce the seismic signal. The solution to meet these challenges requires several different detector technologies. The verification system consists of the International Monitoring System (IMS), which is a worldwide network consisting of 321 sensor stations (seismic, hydroacoustic, infrasound and radionuclide), an international data centre (IDC) in Vienna, as well as an On-Site Inspection (OSI) regime. Up until 2003 about 55% of the IMS network was established [2] .
The radionuclide network within IMS consists of 80 stations measuring the atmospheric radioactivity. Two types of technologies are used: particulate (80 stations) and noble gas sampling (40 stations). The network is supported by 11 radionuclide laboratories. Particulate sampling has been used for many decades and is a well-established technology. Noble gas sampling has also been performed for a long time, but only the last few year's systems useful for a multilateral monitoring system like this have become available.
In this paper the current status of noble gas sampling for CTBT verification is described using one technology developed for this purpose as an example (the Swedish Automatic Unit for Noble gas Acquisition -SAUNA), together with the author's view on some of the problems that still remain to be solved in order to obtain a reliable noble gas monitoring system for CTBT.
SAMPLING AND DETECTING NOBLE GASES FROM A NUCLEAR EXPLOSION
In a subsurface detonation it is likely that the only radioactive signature that will escape is the venting of radioxenon into the atmosphere. Furthermore, it might be difficult to obtain a clear signature of a nuclear explosion from a seismic signal alone, and a radioactive detection traced to the same location as the source of the seismic wave would be of great value in the analysis of the event.
About 20 radioactive isotopes of xenon and krypton, respectively, are produced in the fission of uranium or plutonium. The chemical inertness of noble gases allows them to escape more easily from the explosion compared to activity produced in solid form [3] . Only four of the produced isotopes are relevant in this context ( Xe, t 1/2 = 9.1 h). All other xenon isotopes are too short-lived to reach a sensor within a few days, up to a week, and none of the krypton isotopes produced is useful for this purpose.
The equipment used at the stations must be capable of efficient collection of xenon and also be able to separate it from other components in the atmosphere (in particular radon, which otherwise would cause a major background contribution in the activity measurement). The detector measuring the activity of the sample must be able to measure all relevant isotopes separately and with enough sensitivity (the required minimum detectable concentration in IMS for 133 Xe is 1 mBq/m 3 of air for a 24 h sample). Furthermore, the equipment must function reliably and automatically in remote areas. This has triggered the development of new automatic systems with higher sensitivity and time resolution compared to previous measurement techniques.
SAUNA -AN AUTOMATIC XENON SAMPLER AND ANALYZER
In Sweden, verification of a future CTBT has prompted the development of a fully automatic noble gas detection system (SAUNA, see [4] for details). Two commercial units of the system are right now being produced, and will be installed this year in Stockholm, Sweden. Furthermore, a mobile version is being developed for On-Site Inspection purposes and will be ready in the spring of 2005. Xe. From an air sample collected during 12 h, SAUNA extracts a pure xenon sample with a volume of about 0.5 ml (prototype) or more than 1 ml (industrial version) and determines the activity of the four xenon isotopes.
The principles of the sampling and processing are shown in Fig. 1 . SAUNA consists of three main parts: the sampling, the processing, and the detector units. The sampling unit collects atmospheric xenon during 12 h, using adsorption on activated charcoal at ambient temperature. Two parallel sampling units are used to allow for uninterrupted sampling. The collected gas is further concentrated and purified in a chromatographic system consisting of a molecular sieve and charcoal beds. The quantification is performed using a thermal conductivity detector. As a last step, the purified xenon sample is introduced in a beta-gamma coincidence spectrometer measuring the activity of the sample.
All four xenon isotopes have strong, well-separated beta-gamma or x-ray-conversion electron decay modes in a convenient energy range, making a beta-gamma coincidence detector suitable for this application. The system consists of two NaI(Tl) detectors , each with a plastic scintillator cell placed in a cylindrical hole in the middle of the crystal. The plastic scintillator cell acts both as a beta detector and as a container for the gas sample. A similar detector concept is used by the noble gas system ARSA, developed at PNNL, USA [5] . An example of a beta-gamma spectrum containing 133 Xe and 131m Xe is shown in Fig. 2 . 
THE INTERNATIONAL NOBLE GAS EXPERIMENT
The prototype SAUNA is participating in an international intercomparison and evaluation experiment (the International Noble Gas Experiment -INGE), together with other noble gas sampling technologies from USA, France, and Russia (see [6] and references therein). INGE is organized by the Preparatory Commission for the CTBTO. The experiment is being conducted in several phases. In the first intercomparison phase all four systems were placed at the same location in Freiburg, Germany [6] . In the second phase, the systems were moved to various IMS sites in order to run the systems under realistic IMS-conditions.
Examples of data on atmospheric 133
Xe concentrations collected by SAUNA during the first phase of the experiment can be found in Fig. 3 . The data display typical background concentrations from an area with many nuclear reactors. The average concentration level is 1 mBq/m 3 , but the high time resolution allows a large number of sharp peaks to be detected. This extreme variation is most likely due to local sources that emit a varying amount of radioxenon, convoluted with varying wind patterns. The dominant source is believed to be nuclear reactors, but other local sources like releases from medical treatment could also give a contribution. Since 2001, the system has been placed at Spitzbergen, Norway. Here, the observed concentrations show a completely different picture. Most of the measured samples show no sign of radioxenon, but a few samples with concentrations of around 2 mBq/m 3 of 133 Xe have been observed. Furthermore, an analysis involving a large number of added spectra in which no xenon is observed in each individual sample indicates an average background concentration of about 0.2 mBq/m 3 . The INGE has now produced a large amount of data from various locations yielding increased knowledge of the system performance. Furthermore, the increased sensitivity and the possibility of detection of all four isotopes have resulted in new understanding of background concentration levels and isotopic ratios. The results show that noble gas sampling will be a useful tool in CTBT verification, but also that work remains to be done in several areas before a reliable noble gas network is obtained. Scientifically, the most important remaining work concerns event categorization and metrological backtracking. Another important area of improvement is the more technical and economical issue of the operational stability of the sampling stations. 
BACKGROUND AND EVENT CATEGORIZATION
Many of the selected noble gas detection sites in IMS are located in reactor-rich areas and will detect reactor-produced radioxenon on a routine basis. As discussed above, this can now be seen from data produced in the INGE experiment. Even in remote areas, like Spitzbergen, situated at 78°N, noble gas releases from nuclear reactors have been observed. It is of great importance to be able to distinguish the xenon produced in a nuclear explosion from this and other sources. The development of a categorization scheme in which this discrimination is performed based on the detection of the four isotopes is one of the most important tasks that still remains to be solved. In the simplest model the isotopic composition produced in a nuclear explosion is assumed to correspond to the direct fission yield. In a nuclear reactor on the other hand, the activity is assumed to have reached equilibrium before escaping, and the cumulative fission yield is used. In this scenario the ratios 135 Xe for the two cases will differ by orders of magnitude from each other. However, observations from the INGE experiment [7] show that this assumption is too simple, and more detailed models of the xenon production source terms in different reactor scenarios, involving, e.g., various designs and modes of operation (such as start-up and shutdown) are needed before a reliable categorization scheme can be decided upon. Discussions on event categorization can be found in, e.g., [8] and [9] , and furthermore, a new promising scheme involving more than two isotopic ratios has recently been developed [7] .
SOURCE LOCALIZATION
Detection of an event is of limited use if the source cannot be located. A seismic signal ideally gives a fast and accurate localization, but an even more robust analysis would result if a corresponding radionuclide source location could be produced. Source localization can be performed using inverse modelling of the atmospheric transport. This area is still evolving and a number of algorithms exist, but further improvements and more experience in this application are probably needed [10] .
The IMS demands a time resolution of 24 h for the noble gas systems, but some of the systems measure a new sample every 12 or even 8 hours. This could be of importance for source localization and event categorization. Results from the INGE show that the plume width sometimes can be smaller than 24 hours.
CONCLUSIONS AND OUTLOOK
The recent development of sensitive, automatic sampling and analysis systems for monitoring of atmospheric radioxenon has increased the confidence that this technique will be a useful tool in a verification system for CTBT. Recent data, collected with these systems, have also resulted in a deeper understanding of the background contribution, which is mainly caused by releases from nuclear reactors. Data have also shown that more detailed models are needed in order to understand this background and to obtain a useful event categorization scheme.
It should also be mentioned that the recent revival of noble gas sampling could be important for the development of a verification system for a future fissile material cut-off treaty (FMCT), prohibiting production of fissile material for nuclear weapons purposes. The reason for this is the long-lived isotope 85 Kr (t 1/2 = 10.7 y), which is also produced in fission of uranium and plutonium. This is the only noble gas isotope remaining in the nuclear fuel during reprocessing, and it will be released in this process.
